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Summary: Two consecutive measurements of resting CBF were carried out in normal volunteers (n = 25) using H2150 positron emission tomography. Absolute whole brain blood flow (WBBF; ml IOO g� 1 min � 1, mean ± SD) for the first (40.3 ± 6.4) and second (39.3 ± 6.5) measure ments was not significantly different (mean % difference 2.3 ± 8.7). Analysis of regions of interest showed no sig nificant differences in absolute regional CBF (rCBF) and H2 15 0 positron emISSIon tomography (PET) is used to measure CBF. Typically, studies are de signed so that consecutive CBF measurements are performed on each subject under resting and exper imental conditions, and changes in CBF induced by the experimental perturbations are compared with resting CBF in the same subject. In this way, prob lems associated with between-subject comparisons such as anatomic variations, individual differences including mood, adaptive responses to test situa tions, and other variables can be decreased. How ever, resting CBF may be affected by anticipatory anxiety, fear, pain, physical discomfort, practice ef fect, and other related factors. The extent to which resting CBF is affected by such variables has not been clearly established.
Reports using the J33 Xe inhalation technique have shown that resting CBF tended to decrease in con secutive measurements (Prohovnik et aI., 1980; Warach et aI. , 1987 Warach et aI. , , 1992 . These data suggested that a single measurement might not provide a rep resentative estimate of resting CBF. Therefore, we carried out two consecutive measurements of rest ing CBF using H2 15 0 PET in normal volunteers, with the intention of using the mean resting value for comparison with CBF under nonresting condi tions. These studies were designed as part of an effort to measure CBF changes caused by a variety of pharmacological perturbations. We envisioned an in vivo paradigm that would approximate in the living human brain the precision that can be achieved with in vitro studies. As the first part of this endeavor, we examined resting CBF measure ments in terms of absolute and normalized data and reproducibility.
METHODS

Subjects
Twenty-five normal male volunteers (mean ± SD age, 31.0 ± 6.8 years; weight, 77.0 ± 11. 6 kg; right-handed, n = 21 or 84%) underwent two consecutive measurements of resting CBF. All were enrolled in a study of the effects of pharmacological agents on CBF and underwent five six additional CBF measurements in the same session. The Clinical Research Subpanel of NIMH and the Radi ation Safety Committee of the NIH approved the study protocol. Each subject gave informed consent before the study was initiated. Arterial blood samples were obtained in all subjects using either a manual or an automated method. The procedure for manual blood sampling pro duced higher levels of activity around the subject. To address the possibility that this could increase anticipa tory anxiety and thus affect reproducibility, the subjects were divided into two groups (A and B), based on the method used to obtain arterial blood samples. Arterial blood was sampled manually in Group A (n = IS, age, 30.3 ± S.9 years, right-handed, n = 14). In Group B (n = 10, age, 32.0 ± 7.9 years, right-handed, n = 7), blood sampling was automated by attaching the arterial catheter to a reverse infusion pump, which withdrew blood con tinuously during the scan.
Experimental procedure
An intraarterial catheter was placed in a radial artery in each subject, and an intravenous catheter was inserted into an antecubital vein on the opposite side. The subject was then positioned in the PET scanner, with the head stabilized by a thermoplastic mask molded to cranial con tours and fixed to the scanner head rest. Subjects re mained positioned thus until the end of the study. Base line sensory conditions (eyes patched, dimmed room lighting, reduced noise) were imposed at this point and continued until the end of the study. Approximately IS min later, each subject underwent a sham scan during which the entire procedure for blood flow measurement was carried out using an injection of normal saline instead of H/50. Subsequently, two resting H 2 150 PET scans were carried out. Subjects were given no information about the sequence of the studies, although the sham scans were done first in all cases. Heart rate, blood pres sure, and respiration were continuously monitored throughout the study. Arterial Po 2 , Pco 2 , pH, standard bicarbonate, and hematocrit were measured at the end of each scan.
Profile of Mood States. An experimental version of the 6S-item Profile of Mood States (POMS) (McNair et aI., 1971) consisting of 72 adjectives commonly used to de scribe momentary mood states was administered to 21 subjects (Group A, n = 12; Group B, n = 9) immediately after the sham scan and after each resting scan. Gener ally, the subject reads the adjectives and provides a writ ten response. However, since our subjects were in the PET scanner with arterial lines and patched eyes, the adjectives were read aloud to them. The subjects indi cated how they felt at the moment in relation to each of the 72 adjectives on a S-point scale from "not at all" (0) to "extremely" (4). There are eight clusters (scales) of items that have been separated using factor analysis. These scales (Anxiety, Depression, Anger, Vigor, Fa tigue, Confusion, Friendliness, Elation) have names that describe the adjectives in the cluster. The value of each scale was determined by adding the numbers checked for each adjective in the cluster and dividing the total by the number of adjectives in that cluster. Two additional (un validated) scales (Arousal, Positive Mood) were derived from the other scales [Arousal = (Anxiety + Vigor) -
PET scan procedure. PET scans were performed on a Scanditronix PC lO24-7B PET scanner (seven slice; re constructed in-plane resolution, 6.S mm; axial resolution, 10-12 mm; slice separation, 13.7S mm) (Daube Witherspoon et aI., 1987) . The lowest slice of the scanner was aligned 12 mm above the canthomeatal line. A trans mission scan was acquired for attenuation correction. For each scan, H/50 (30 mCi in 10 ml normal saline) was administered as a bolus (�S s). Sixteen scans were col lected over a 4-min period (12 x lO s, 4 x 30 s) starting with tracer arrival in the brain. Scan data were recon structed with corrections for attenuation, scatter, ran doms, and deadtime. For manually sampled blood curves, samples were drawn every 3-S s for the first minute. For automatic sampling curves, blood was with drawn continuously at 3.8 mllmin and coincident events were counted by paired NaI detectors. These data were corrected for random coincidences and detector dead time. Dispersion correction was performed by deconvo lution of the measured dispersion function, a sum of two exponentials (Daube-Witherspoon et aI., 1992) . Time shifts between blood and brain data were determined on a slice-by-slice basis by aligning the scanner count data to the blood data in a manner similar to that described by Iida et al. (1988) . Here, a IS-s period of slice count-rate data starting �S s before tracer arrival was fitted to the one-compartment CBF model with two parameters: whole-slice CBF and time shift. Tissue clearance was as sumed to be negligible during this period.
Data analysis. CBF images were produced by the method of Alpert et al. (1984) . All images were smoothed with a gaussian function to a final image resolution of 9 mm. For absolute whole-brain blood flow (WBBF; mll00 g-I min -I) values, an edge-finding routine was used to place regions of interest (ROIs) around each brain slice. Regional CBF (rCBF) values were obtained from ROIs (circles, 4 mm 2 /pixel) placed on three planes, which were selected to include cerebellum, thalamus, corpus stria tum, and all cortical areas. rCBF for each brain region is the mean of several (2-lO) ROIs. These values were also normalized to WBBF (rCBF/WBBF).
RESULTS
Heart rate, blood pressure, and respiration re mained within the normal range in all subjects at all times and did not change significantly during the sham and resting scans. Arterial P02 (mean ± SD, 97.9 ± 8.7 mm Hg), Pco2 (40.3 ± 5.2 mm Hg), pH (7.4 ± 0. 1), standard bicarbonate (24.5 ± 3.3 MEl L), and hematocrit (43.5 ± 3%) measured at the end of each scan also remained within normal limits.
WBBF WBBF values for each scan (WBBF1, WBBF2) on each subject and the within-subject percent dif ference between scans I and 2 are shown in Figs. I and 2. Mean values are shown in Table 1 . These data indicate that within-subject differences in WBBF are generally small, while the differences between subjects may be as much as twofold. Cor- 
Values are means ± SO (n). Correlation between scan I and 2; all differences, NS, paired t test two tailed. a (scan I-scan 2)/scan I. b The direction of the change (increase or decrease) has been disregarded. C Significant at p < 0.005. d Significant at p < 0.001.
relation coefficients indicated a high positive corre lation between the two measurements (Table 1) 
. Re peated-measures analysis of variance with Groups
A and B, using scans 1 and 2 as the repeated factor, showed no significant differences, indicating that the method of blood sampling did not significantly affect the reproducibility of results. Interestingly, however, the correlation coefficient was higher in Group B than in Group A ( Table 1) , indicating a higher positive correlation between the two mea surements in Group B where arterial blood was sampled by an automated procedure. Within-subject mean percentage difference be tween the two scans was 2.3 ± 8.7 for the two groups (Group A, 0.7 ± 9.7; Group B, 4.6 ± 6.4) as shown in Table 1 . This difference was <5% in 9 of the 25 subjects [36%; Group A, n = 6 (40%); Group B, n = 3 (30%)], between 5 and 10% in 11 subjects [44%; Group A, n = 6 (40%); Group B, n = 5 (50%)], and> 10% in 5 subjects [20%; Group A, n = 3 (20%); Group B, n = 2 (20%)]. When the direction of the change (i.e., increase or decrease in scan 2) was disregarded, the mean percentage change was 7.2 ± 5.4 ( Table 1 ). The second measurement was lower than the first in 17 (68%; mean % difference, 7.0 ± 5.6) of the 25 subjects. Interestingly, the sec ond measurement was lower than the first in more subjects from Group B (n = 8, 80%; mean % dif ference, 7.2 ± 4.2) than Group A (n = 9, 60%; mean % difference, 6.8 ± 6.5) ( Table 1) . However, none of these differences was statistically significant.
rCBF Absolute values (ROI) were obtained by placing ROIs on the images as described in Methods ( Table  2) . Normalized values were obtained by dividing each ROI by the WBBF value for that subject. 1.0 -1.6 -0.9 -5.9 -0.6 C (ROI scan lIWBBF scan I)-(ROI scan 2/WBBF scan 2)/[mean (ROI scan lIWBBF scan I), (ROI scan 2/WBBF scan 2)]. SO 1.9 7.7 6.0 6.5 9.2 9.8 7.2 9.7 6.5 7.8 10.7 13.7 13.7 9.2 (paired t test, two tailed) between the first and sec ond measurements for both absolute and normal ized rCBF ( Table 2) . Correlation coefficients indi cated a high positive correlation between the two measurements (Table O . Interestingly, the correla tion coefficients were highest in the right frontal region and lowest in the occipital regions. Left right differences were also small and not statisti cally significant (Table 3) .
Analysis of ROls showed no significant differences
POMS
POMS scores (means for 22 subjects) for 10 mood states, obtained at the end of the sham scan and the two resting scans, are shown in Table 4 . These dif ferences were not statistically significant. How ever, the data showed an interesting trend. The anx iety and arousal scores were 20 and 23% higher, respectively, in the sham scan compared with scan 1 and 4.5 and 11 % higher in scan 1 compared with scan 2, suggesting that there may indeed be a higher level of anxiety at the start of the study. There was no significant correlation between mood scores and blood flow (WBBF and rCBF). However, when these relationships were examined in Groups A (n = 13) and B (n = 9), correlation coefficients, al though nonsignificant, were higher in Group A for WBBF (Group A, WBBF), anxiety, 0.3682; WBBF2, anxiety, 0.5455; Group B, WBBF), anxi ety, 0.0074; WBBF2, anxiety, 0. 1848). Similarly, correlation coefficients for rCBF were higher in Group A [left frontal), anxiety, 0.4364; left frontal2' anxiety, 0.5235; right frontal), anxiety, 0.48 19; right frontal2, anxiety, 0.54 11; left temporal), anxiety, 0.3886; left temporal2, anxiety, 0.5250; right tempo ral), anxiety, 0.4257; right temporal2' anxiety, 0.5649 (p < 0.05; all others NS)] than for Group B [left frontal), anxiety, 0.0 148; left frontal2' anxiety, 0.2355; right frontal), anxiety, 0.0282; right frontal2' anxiety, 0.2843; left temporal), anxiety, 0. 1946; left temporal2' anxiety, 0.0640; right temporal), anxi ety, 0.0048; right temporal2' anxiety, 0.2753 (all NS)]. This suggests that there may be a higher cor relation between anxiety and blood flow in Group A (subjects in whom arterial blood was sampled by a manual method).
DISCUSSION
These measurements of resting CBF with H2 ) 5 0 PET showed only small and statistically insignifi cant within-subject differences in two consecutive measurements for either WBBF or rCBF, although there was considerable variation between subjects. Left-right differences were also small and not sta tistically significant. These data reinforce the im portance of within-subject comparisons of CBF measurement and highlight the difficulties associ ated with group mean comparisons because of vari ability between subjects. Similar observations have been made in other PET studies. Frackowiak et al. (1980) reported within-subject whole-brain differences of <5% in 14 normal volunteers studied twice at 30-min intervals using inhaled IS O-labeled CO2, Fox and Raichle (1984) carried out a series of eight H/50 PET scans, of which the first and the last were under resting conditions, in a study of nine normal volun teers and showed "nonsignificant fluctuations" in global (whole-brain) CBF. In another investigation (Cameron et al., 1987) , two consecutive resting studies in a series of five scans in each of five young adults showed no significant differences in whole brain CBF.
Studies using the 133 Xe inhalation technique have shown that resting CBF decreased from the first to the second measurement (Blauenstein et aI., 1977; Maximilian et aI., 1978; Prohovonik et aI., 1980; Warach et aI., 1987 Warach et aI., , 1992 , although the differences were not significant. Interestingly, in a study of four successive resting CBF measurements in 22 males, Prohovonik et aI. (1980) found that the means and SDs of CBF were lower by 7 and 50%, respectively, in the second measurement and that subsequent measurements were more constant. Such a trend was not evident in our studies. A possible explana tion for this difference is the sham scan that pre ceded our measurements of resting CBF. This may have given the subjects time to habituate to the sit uation and helped to allay anticipatory anxiety. In deed, the anxiety and arousal scores derived from POMS associated with the sham scan support this hypothesis. Obviously, two resting measurements in a control group that did not undergo sham scans would be necessary to support this hypothesis, but such studies would be difficult to justify on ethical grounds because of the issue of radiation exposure in normal volunteers. Warach et al. (1987) have suggested that differ ences between resting measurements can be re duced by changing their order so that they occur later in the series. This approach may be useful when short-lived effects on CBF, such as visual, auditory, or somatomotor activation tasks, are studied. In such a setting, resting measurements can be obtained after experimental tasks have been administered. With other types of perturbations, as, for example, study of drug effects on CBF, the ef fects may last longer. In these situations, resting CBF must be measured at the start of the study. Our data suggest that a sham scan at the start of the study may reduce differences between consecutive resting measurements and obviate the need for two measurements. A sham scan in place of a resting study would reduce radiation exposure. Alterna tively, an extra perturbation can be added to the series in place of the second resting study.
Finally, this study adds to the available informa tion about resting CBF in normal subjects obtained with the nitrous oxide method (Kety and Schmidt, 1948) , the 133 Xe inhalation (Meyer et aI., 1978) and injection (Wilkinson et aI., 1969) techniques, and PET with inhaled IS O-labeled CO2 and O2 (Frack owiak et al., 1980) , by providing a database of whole-brain and regional CBF values and their re producibility, measured with a high-resolution PET scanner.
